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a  b  s  t r  a  c  t
Coupled  with  the  highly  voluminous  wastewater  –  palm  oil mill  efﬂuent  (POME)  – usually  produced
during  the  palm  oil  processing,  there  are  also  abundant  solid  wastes  such  as  empty  fruit  bunch  (EFB)
from  the  industry  that  could  be  converted  to  value  added  products  such  as  low  cost  adsorbents  like
activated  carbons.  These  adsorbents  could  well  ﬁt  into  low  budget  treatment  process  integration  with
better  sustainability  if improved.  In this  study,  the  EFB-based  powdered  activated  carbon  (PAC)  was  pro-
duced in  a  two-way  step;  carbonization  and steam  activation  (pyrolysis)  to be  applied  in the  treatment
of  biotreated  POME  (BPOME).  The  pyrolysis  was carried  out at 900 ◦C and  steam  ﬂow  rates  of  2.0  mL/min,
4.0  mL/min,  6.0 mL/min,  8.0 mL/min  and  10.0  mL/min  for 15  min  activation  time.  Through  one-factor-at-
a-time  (OFAT)  method,  the  8.0  mL/min  steam  ﬂow  rate  was identiﬁed  as  best  ﬂow  rate  because  it  led
to  an  activated  carbon  with  higher  Brunauer–Emmet–Teller  (BET)  surface  area  of  886.2  m2/g coupled
with  better  adsorption  efﬁciency  of 95% and 90%  removals  for manganese  (Mn)  and hydrogen  sulphide
(H2S),  respectively.  This  high  uptake  efﬁciency  is  due  to, amongst  other  factors,  improved  pore  archi-
tecture.  Moreover,  extensive  physicochemical  characterization  of  the  PAC  in terms  of,  but  not  limited
to  Fourier  Transform  Infra-red  (FTIR)  spectroscopy,  Scanning  Electron  Microscopy  (SEM),  particle  size
and distribution  analysis  were  carried  out,  and  there  were  indications  of  characteristic  improvements
when  compared  to our previous  investigation.  Optimization  studies  revealed  that  5 g PAC/100  mL  BPOME,
200 rpm agitation  speed  and  60 min  of  sorption  time  brought  about  the  best  removal  of both  Mn  and  H2S.
Equilibrium  studies  also  revealed  that  Langmuir  isotherm  model  ﬁtted  better  with  the  adsorption  data
in describing  the  adsorption  behavior.
© 2015  The  Author.  Published  by Elsevier  B.V. This  is an  open  access  article  under  the CC  BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).. Introduction
From the myriad of local and global events recently delivered
y the water industry’s engineers, environmentalists, ecologists
nd economists, it is apparent that there is no industry that does
ot utilize enormous volume of water for its production processes
nd this makes the production of wastewater an inevitable process
n every industry. The wastewater (POME) coming from the palm
il processing industry is usually a high strength type with high
oncentrations of inorganic and organic contaminants (Fig. 1).
∗ Fax: +27 865 657 517.
E-mail addresses: mutiu.amosa@wits.ac.za, dhakisalaﬁ@live.com
ttp://dx.doi.org/10.1016/j.enmm.2015.09.002
215-1532/© 2015 The Author. Published by Elsevier B.V. This is an open access article unThe aerobic and anaerobic treatment processes are usually
applied for lowering the concentration strength of these contam-
inants before it is discharged into the waterways or used for
in-house washing amongst other uses that could tolerate low water
quality.
However, the concentration level of H2S and Mn  is of paramount
importance especially when the biotreated water is to be reused
for in-house purposes. Even if the biotreated wastewater is dis-
charged into the waterways directly, it is imperative that H2S and
Mn  contents are further aggravated due to the possibility of more
Mn dissolving from rocks and soils (Jami et al., 2013), thus lead-
ing to more deterioration of the waterways quality. H2S is a gas
that imparts a sort of “rotten egg” sulphide odor to water supplies.
The imparted waters are usually distasteful for drinking purposes
as well as most industrial processes. H2S can interfere with read-
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ngs obtained from water sample analyses as it turns hardness and
H tests gray, and makes iron tests inaccurate. It is corrosive to
lumbing ﬁxtures even at low concentration, and it can also react
ith any iron to form a black sludge of iron sulﬁde. Its maximum
cceptable level is 0.05 ppm according to the World Health Orga-
ization (WHO) standard for drinking water (Ministry of Health
alaysia, 2004; USEPA, 2011; World Health Organization, 2006).
ts maximum acceptable level for process reuse in the industry is
 mg/L, however, the British Standard Speciﬁcation (BSS) has set a
olerance threshold of 5 ppm as a maximum for boiler feed-water
nd/or few other industrial processes that could tolerate such level
Jami et al., 2013). Chlorine streams are usually fed in sufﬁcient
uantities at a typical ration of 3 ppm of chlorine to 1 ppm of H2S,
ctivated carbon (AC) is then applied to remove the excess chlorine.
espite the carcinogenic nature of chlorine, this treatment method
equires high chlorine demand and still utilizes the use AC at the
nd, thereby making the treatment train to be more complex and
xpensive.
On the other hand, manganese (Mn4+, Mn2+) is usually present
n sediments and soils or rocks with altered structures as a result
f heat and pressure. Its removal could be very difﬁcult when it
orms complexes with other contaminants, and just like the H2S,
ts high levels in waters produces unpleasant odor and taste. The
resence of Mn  causes a water to produce undesirable stains in pro-
ess work. For most industrial purposes, the Mn  content of a water
upply should not exceed 0.1 ppm, but for many purposes, such as
he manufacture of ﬁne papers, even this concentration threshold
epresents excessive contamination. Higher concentrations cause
n deposits and staining of clothing and plumbing ﬁxtures. The
aximum acceptable limit is 0.1 ppm according to WHO  drinking
ater standard (Ministry of Health Malaysia, 2004; USEPA, 2011;
orld Health Organization, 2006). Higher concentration can also
esult in neurological disorder (Nigerian Industrial Standard, 2007).
esides, the maximum acceptable level of Mn  for process reuse in
he industry is 0.2 mg/L (Jami et al., 2013). Removal of Mn  is usually
one through ion-exchanging, chemical oxidation, chlorine feed
oupled with carbon ﬁltering.
While the existing treatment methods for H2S and Mn  are com-
lex and expensive, there are insufﬁcient answers to the health,
afety and environment (HSE) aspect of some of them such as the
arcinogenic nature of the chlorine compounds utilized or their dis-
osal after utility. Though this is not the ﬁrst time of production
f an EFB-based PAC, however, this paper presented the produc-
ion of an improved low-cost EFB-based AC with an unprecedented
igh surface area as compared with previous studies that utilized
he same precursor for activated carbon production. Further appli-
ation of the PAC was carried in a real wastewater stream and
he process conditions were optimized as it was applied for the
emoval of Mn  and H2S from BPOME to meet the recommended
tandards before discharge into the waterways. The optimization
rocess revealed the factors, and factor interactions responsible for
etter removal of the contaminants. Most of the previous studies
n EFB-based PAC have always been on synthetic environments,
his study further emphasizes, with positive efﬁciency improve-
ent, the utility possibility of EFB-based PAC for the treatment of
eal multicomponent wastewater. This method could be a better
lternative treatment to the existing methods.
. Materials and methods
.1. EFB samplingSamples of EFB to be utilised as pre-cursor for the PAC produc-
ion were collected from Sime Darby Palm Oil Mill in Carey Island,
alaysia. The EFB was preserved in a cold room at 4 ◦C. The EFBFig. 1. Biotreated palm oil mill efﬂuent.
was soaked in clean water for 12 h, washed and dried at 105 ◦C for
24 h in oven for dehydration until constant weight was achieved
and crushed to desired particle size before the carbonization and
activation treatments were performed.
2.2. BPOME sampling
The BPOME sample (wastewater) was also collected from Sime
Darby Palm Oil Mill in Carey Island, Malaysia. The physicochemi-
cal characteristics of the BPOME was carried out using the Standard
Methods for the Examination of Water and Wastewater. The sample
was then preserved according the recognized wastewater preser-
vation standards (USEPA, 1982) such as storing in a cooling room at
4 ◦C to avoid biodegradation of the constituents in the wastewater
over time, etc.
2.3. PAC production
The physical activation of activated carbon involved a thermal
treatment (carbonization) step where the volatile components of
the EFB precursors were removed with 2.5 L/min N2 gas ﬂow rate
as methodically reported in previous studies (Phan et al., 2006).
Thereafter, the pre-cursor was  subjected to 900 ◦C activation tem-
perature, steam ﬂow rate of 2.0, 4.0, 6.0, 8.0 and 10.0 mL/min and
activation time of 15 min. for the steam pyrolysis activation treat-
ment. After the PAC production, the PAC was taken out of the
furnace and ground in a grinder. PAC particles should not be bigger
than 297 micron according to American Water Works Association
(AWWA) standard and should not be smaller than 177 micron
according to American Society for Testing and Materials (ASTM)
D5158 standard (Bandosz, 2006; C¸ ec¸ en and Aktas¸ , 2012). Therefore,
the PAC was  sieved into size fractions of 212 micron (70-mesh) to
maintain a balance between the two standards.
2.4. Batch adsorption tests
The adsorption tests were divided into two series. A series
of tests were carried out under the operating conditions of
5.0 g/100 mL  BPOME, 150 rpm agitation speed and 60 min  contact
time for each of the PAC produced at steam ﬂow rates of 2.0, 4.0, 6.0,
8.0 and 10.0 mL/min. This was  done in order to technically select
the best ﬂow rate based on their effects on adsorption efﬁciency.
The second series of batch adsorption experiments were carried
out on the BPOME sample for optimization purpose. Throughout
this study, the pH of the wastewater stream was left unaltered
at 8.56. All the experiments in this study were replicated at least
three times, and the mean values were recorded. Water analyses
as regards the concentrations of Mn  and H2S before and after the
treatment were carried out following the Standard Methods for the
M.K. Amosa / Environmental Nanotechnology, Mo
Table  1
Independent variables for the full factorial design (FFD).
Factors Units Levels
Actual (low) Actual (high)
A: Adsorbent dosage g/100 mL  2 5
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PB:  Agitation speed rpm 100 200
C:  Contact time min. 30 60
xamination of Water and Wastewater (APHA et al., 2005; HACH,
012).
.5. Physicochemical characterization of PAC
Autosorb-1 (Quantachrome Instruments,USA) was used for
etermining the pore size, as well as BET and Langmuir surface
reas. The Methylene Blue (MB) surface area was also determined
sing the standard analytical method. Mastersizer 2000 (Malvern
nstruments, UK) was employed for the particle sizing and distri-
ution analysis, while the Spectrum-100 (PerkinElmer, USA) was
sed for FTIR/surface chemistry analysis. Scanning electron micro-
cope (SEM) was employed in the morphological characterization
f the PAC using JSM-5600 (JEOL Ltd., Company, Japan). Bulk den-
ity, moisture and ash contents of the PAC were also analyzed using
ppropriate instrumentation and methods.
.6. Determination of optimum operating conditions using 23 full
actorial design (ﬁrst order model)
A 2-level (23) full factorial design (FFD) was used for the opti-
ization process with the aid of a design of experiment (DOE)
oftware called Design-Expert® version 7.0.0 (Stat-Ease, Inc., Min-
eapolis, USA). Throughout the optimization study, independent
ariables for adsorbent dosage, agitation speed, and contact time
ere represented as variables A, B, and C, respectively. The range
nd levels of the variables investigated in this study are shown in
able 1 for the experimental design of the optimization process. The
ange settings for variable factors were adjusted based on the pre-
iminary results coupled with the previous ﬁndings and literature
AbdulHalim et al., 2011; Alam et al., 2009; Alkhatib et al., 2011;
mosa et al., 2014b; Emad, 2010; Nes¸ e and Ennil, 2008; Razali et al.,
010; Tumin et al., 2008).
.7. Equilibrium isothermsThe optimized operating conditions were applied to the varying
ontact time (Koay et al., 2014), from 10 min  up to 24 h at room tem-
erature (26 ± 1◦C). The concentration of the contaminants were
onitored and recorded at speciﬁc time intervals.
able 2
hysicochemical Characteristics of PAC produced.
Parameter Unit 
BET surface area m2/g 
Langmuir surface area m2/g 
MB  surface area m2/g 
Total pore volume cc/g 
Average pore diameter Å 
Surface weighted mean “D[3,2]” m 
Volume weighted mean “D[4,3]” m
Moisture content % 
Bulk  density g/cc 
Ash  content % 
Carbon yield % 
Surface chemistry Carbonyl, aldehydes and ketones, mono-alky
sulphonyl chloride, sulphate and phosphoramnitoring & Management 4 (2015) 93–105 95
Adsorption equilibrium was  determined from the uptake-time
data as adapted from previous report (El-Naas et al., 2010). The
distribution of the constituents’ molecules subjected to adsorp-
tion between the BPOME and PAC particles of the selected PAC as
they reach equilibrium state was evaluated using Langmuir and
Freundlich isotherm models. The linear plots and parametric val-
ues pertaining to each isotherm were evaluated in search of the
best-ﬁtting model in describing the adsorption processes.
3. Results and discussion
3.1. Physicochemical characterization
The physicochemical characterizations carried out on the
steam-activated PAC are hereby presented in Table 2.
3.1.1. SEM imaging of the PAC
Fig. 2 represent the SEM images showing the opened pores in
the PAC. It could be observed that combinations of many large and
ﬁne pores are contained in the microphotographs at magniﬁcations
x1500, x2000 and x3000 as depicted in the ﬁgure.
It was perfectly shown in the ﬁgure that micro-pores were
successfully developed in the PAC. Moreover, the uniform expan-
siveness and homogeneity in the porous architecture are very
distinct, similar to previous reports (Alkhatib et al., 2011; Hameed
et al., 2009), as depicted in the SEM microphotographs.
3.1.2. Surface area and pore size
The BET surface area was found to be 886.2 m2/g. However, the
speciﬁc surface area using the methylene blue (MB) method by
spectrophotometry was  found to be 1185.3 m2/g. This discrepancy
when compared with the BET surface area was expected because it
was determined using the BET nitrogen method. In normal circum-
stances, the speciﬁc surface areas determined by low-temperature
nitrogen adsorption isotherms (BET method) usually exhibit mod-
erately low values when compared with MB  methods due to the fact
the BET method only measures in terms of “external surfaces” while
the MB  measures in terms of the “total speciﬁc surfaces” (Aringhieri
et al., 1992; Kaewprasit et al., 1998; Santamarina et al., 2002; Tewari
and Thornton, 2010).
Also, the average pore size of 35.4 Å was  exhibited by the acti-
vated carbon, pointing towards micro-porosity. This is in support
of the SEM analysis as porosity as large as this will conveniently
adsorb lower molecular constituents such as some inorganic com-
pounds like H2S and heavy metals (Alkhatib et al., 2011; C¸ ec¸ en
and Aktas¸ , 2012; Rodríguez-Reinoso, 2007). Larger porosities are
necessary for better adsorption of organic compounds especially
when dealing with multicomponent solutions usually termed as
Ideal Adsorbed Solutions (IAS) like the BPOME (Amosa et al., 2014b;
Steam-activated PAC
886.2
999.1
1185.3
0.663
35.4
11
42
6.94
1
8.13
25
l, amines, acid anhydrides, alcohol and phenols,
ides
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Table  3
Level of Contaminants in Biotreated POME.
Contaminants As-collected mean values ± standard deviation After sedimentation
Turbidity, NTU 1050 ± 47 840
Total  Dissolved Solids (TDS), ppm 1207 ± 51 970
Chemical Oxygen Demand (COD), ppm 1730 ± 110 1387
Iron  as Fe, ppm Not detected Not detected
Manganese as Mn,  ppm 3.08 ± 0.5 2.14
H2S, ppm 0.88 ± 0.1 0.6
Calcium Hardness, ppm 240 ± 23 200
Magnesium Hardness, ppm 1800 ± 71 1480
Silica, ppm 73 ± 20 58
Phenolphthalein Alkalinity, ppm 180 ± 17 160
B
2
3
a
w
(
H
p
p
ﬁ
s
P
s
“Total/Methyl Alkalinity, ppm 2000 ± 79 
Suspended Solids (SS), ppm 761 ± 67 
pH  8.65 ± 0.1 
ansal and Goyal, 2010; Linders et al., 1997; Rodríguez-Reinoso,
007).
.1.3. Particle size and distribution analysis
The PAC particles were found to range from 4.302 to 99.979 m
s depicted in Fig. 3. Previous works reported only the volume
eighted mean values of 40 m (Alkhatib et al., 2011) and 43 m
Emad, 2010) for the steam- and CO2- activated PAC, respectively.
owever, when PAC particles are to be ﬁltered after an adsorption
rocess, it is necessary to know the bulky parts of ﬁne and coarse
articles in order to be acquainted with the selectivity of a suitable
lter medium for removal of the PAC particles from the adsorbed
olution. This will give an idea of how strong the interference of
AC particles might be when analysing some of the constituents
uch as suspended solids in BPOME. The volume weighted mean
D[4,3]” value gives the size of the coarse particulates that make
Fig. 2. SEM microphotographs o1700
284
8.56
up the bulk of the PAC sample while the surface weighted mean
“D[3,2]” represents the proportion of the ﬁne particles present in
the sample (Malvern Instruments, 2012). Here, D[4,3] and D[3,2]
values are 42 m and 11 m,  respectively.
3.1.4. FTIR spectroscopy (surface chemistry)
From the FTIR spectra analysis, there are three major peaks
exhibited by the surface of the activated carbon at exactly
wavenumbers of 1737.61 cm−1, 1365.10 cm−1 and 1216.91 cm−1.
At these wavenumbers, there is an indication that O H bending
vibrations and C O stretching vibrations occurred (Ferraro and
Krishnan, 2012; Nikolic, 2011), during the infrared analysis of the
activated carbon. Some of the wavenumbers represent the acidic
states of the consisting functional groups which are the carbonyls of
aldehydes and ketones (Nikolic, 2011). An increase in the number of
oxygen-containing surface functional groups increases the polarity
f the steam-activated PAC.
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Fig. 3. Particle size distribution of PAC.
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
2 3 4 5 6 7 8 9 10R
es
id
ua
ls 
a
fte
r 
A
ds
o
rp
tio
n 
(m
g/
L)
Steam Flow Rates (mL/min)
Manganese Hydrogen Sulphide
 on ad
o
o
2
s
i
t
s
c
w
p
a
(
f
M
e
f
r
t
c
b
3
uFig. 4. Effects of steam ﬂow rates
f carbon surfaces and in turn results in the increase in selectivity
f carbon surface for water (Alkhatib et al., 2011; C¸ ec¸ en and Aktas¸ ,
012; Hassani et al., 2014; Mohan et al., 2014; Yang, 2003). It is
igniﬁcant that the PAC possess these essential functional groups
ndicating a high potentialities without the usual chemical activa-
ion. The reports of Arunachalam (2002) and Igwe et al. (2013) also
upports the possible increase in selectivity and/or ion-exchanging
apability of adsorbents without being chemically activated.
Stretching vibrations could also be observed between
avenumbers 1200–1275 cm−1 indicating the presence of
hosphoramide groups. This enhances adsorption process as the
romatic ring of the solute usually acts as the electron acceptor
C¸ ec¸ en and Aktas¸ , 2012; Mohan et al., 2014). The presence of these
unctional groups has prominent impact on adsorption processes.
alkoc and Nuhoglu (2007) have reported that metal ions are
asily caught up by carbonyl, carboxylic, phenolic and hydroxylic
unctional groups contained in any adsorbent. Similar results were
eported by Phan et al. (2006) and Emad (2010). All the aforemen-
ioned speciﬁcs pointed towards the fact that electrostatic effects
ontributed to the adsorption processes. Similar conclusions have
een reported by Itodo and Itodo (2010) and Hank et al. (2014)..1.5. Bulk density, moisture and ash contents
The bulk density is the mass of carbon that will ﬁll a given vol-
me  and was found to be 1 g/cc. Also, the moisture content whichsorption of manganese and H2S.
measures the loss of water over an initial weight of raw materials
was found to be 6.94%. Moisture content is directly proportional to
the increase in activation temperature and time. The ash contents of
the PAC was found to be 8.13%. Ash content measures the amount
of mineral matters such as silica, alumina, iron oxides, and alka-
line & alkaline earth metals that are contained in the PAC and are
usually within the range of 1–12% (C¸ ec¸ en and Aktas¸ , 2012). PAC’s
hydrophobicity increases with the ash content and it is advanta-
geous when used for water treatment. Too high ash contents makes
PAC to stick on the walls of a reactor (C¸ ec¸ en and Aktas¸ , 2012),
thereby not allowing the bulky part of PAC to contribute in the
adsorption process.
3.2. Characteristic proﬁling of the BPOME
Table 3 shows the concentration levels of constituents con-
tained in biotreated POME. It was  imperative to measure as many
as possible of the constituents in order to conjecture the poten-
tial adsorption competition that usually arise in multicomponent
streams during the adsorption process. Besides, the sedimentation
process aided in lowering the suspended solids (SS) content of the
wastewater which will in turn reduce its potential in obstructing
the PAC pores, hence, decreasing its interference in the quantiﬁca-
tion of the PAC’s efﬁciency.
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.3. Batch adsorption tests: effect of steam ﬂow rates
Fig. 4 depicts the adsorption trend of the PAC synthesized at
arying steam ﬂow rates of 2.0, 4.0, 6.0, 8.0 and 10.0 mL/min. The
esidual concentrations of both Mn  and H2S were measured after
ach adsorption test and a decreasing trend was observed from the
team ﬂow rate of 2.0 mL/min until a critical ﬂow rate of 8.0 mL/min
hen a sort of uniformity in residual concentration was attained
rrespective of further increase in steam ﬂow rate. In the case of
n,  a relatively sharp reduction in the residual concentration was
bserved from 2.0–8.0 mL/min steam ﬂow rate before encounter-
ng uniformity. H2S adsorption situation was a bit different in that
he sharp reduction is only obvious from 2.0–4.0 mL/min ﬂow rate.
2S reduction from 4.0–8.0 mL/min steam ﬂow rate was relatively
radual as observed from the ﬁgure. The reason for this may  be as a
esult of the contaminants’ concentration, molecular/atomic radii
s well as the adsorption competition of the constituents in the
POME.
.4. Full factorial optimization of adsorption operating conditions
The 23 FFD revealed a total number of eleven experimental runs
ith three replicates at the centre points, and was  used for moni-
oring the adsorption trends of the contaminants in order to obtain
he relation between the variables affecting the adsorption process.
able 4 shows the experimental design and responses for the pro-
ess optimization, employing the low-cost PAC as adsorbent. All
he results were further analysed using the analyses of variance
ANOVA).
ANOVA describes a statistical algorithm that subdivides the total
ariation in a set of data into element items relating to particular
ources of variation for the purpose of testing hypotheses on the
arameters of the model (Turan and Ozgonenel, 2013). The statisti-
al signiﬁcance of the mean square ratio variation due to regression
nd residual errors of the mean square were evaluated using the
NOVA technique. It was experiential that the optimized parame-l values for Mn adsorption.
ters yielded response that are relatively close to each other in the
experimental runs (Table 4). Some factors also exhibited signiﬁcant
effects (p < 0.05) while non-signiﬁcance (p  0.05) was  attributed to
some others.
3.4.1. Evaluation and statistical analysis for Mn  removal
The Mn  concentration was lowered from its initial value of
2.14 ppm to a level of 0.136 ppm, indicating an efﬁciency removal of
93.6% at the operating conditions of 5 g/100 mL  adsorbent dosage,
200 rpm agitation speed and contact time of 60 min.
From the ANOVA (Table 5) above, the Model F-value of
6.37E + 007 for Mn  adsorption implies that the model is adequately
signiﬁcant. There is only a chance of 0.01% that “Model F-Value”
this large could occur due to noise. The overall model is signiﬁcant
by having a p-value of <0.001. Values of “Prob > F” less than 0.0500
indicate that model terms are signiﬁcant.
The “Curvature F-value” of 6.37E + 07 implies there is signiﬁcant
curvature (as measured by difference between the average of the
centre points and the average of the factorial points) in the design
space, and there is only a 1.75% chance that a “Curvature F-value”
this large could occur due to noise. This model can be used to navi-
gate the design space. The model exhibited a standard deviation of
0.00, and the ﬁnal regression equation in terms of actual factors is
given in Eq. (1):
Mn  Residual (mg/L) = 0.191 − 0.011A − 1.3E − 004B − 5.56E − 005C
+3.00E − 005AB
+7.78E − 005AC+ 7.78E − 007BC − 5.56E − 007ABC
(1)
As observed for Mn  adsorption, all factors were highly sig-
niﬁcant singly and interactively as well as the curvature in the
adsorption process as highlighted in the ANOVA. Fig. 5 depicting
the predicted vs actual data plot suggests that the model is in excel-
lent agreement with the experimental values as the linearity of the
plot is perfect. This conclusion is further supported by the fact that
the R2 and Adj. R2 values are both 1.00.
The interactions between the factors of operation were depicted
by the 3D graphs Fig. 6. It could be well observed that the adsorbent
M.K. Amosa / Environmental Nanotechnology, Monitoring & Management 4 (2015) 93–105 99
Table  4
Experimental design and results for 2-level (23) full factorial design (FFD).
Run A: Dosage (grams) B: Agitation (rpm) C: Time (min.) Mn  (ppm) H2S (ppm)
1 2 200 30 0.156 0.073
2  3.5 150 45 0.143 0.062
3  5 100 60 0.146 0.066
4  5 100 30 0.142 0.072
5  2 200 60 0.157 0.067
6  3.5 150 45 0.143 0.063
7  5 200 30 0.138 0.067
8  5 200 60 0.136 0.061
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osage from (2–5 g/100 mL)  and contact time from (30–60 min.)
nteraction was a good one as both factors contributed signiﬁcantly
o the reduction of Mn  residual concentration. However, the trend
bserved for the Mn  uptake as regards the interactions among the
actors (Fig. 6b and c) revealed that there are very signiﬁcant effects
xhibited by the adsorbent dosage and agitation speed but rel-
tively lower signiﬁcant effect was observed for contact time in
dsorbent vs contact time, and agitation speed vs contact time 3D
lots.
.4.2. Evaluation and statistical analysis for H2S removal
89.8% was found to be the highest removal attained in the case
f H2S when adsorption process abated the H2S concentration from
.6 ppm down to a level of 0.061 ppm. This was  observed at oper-
ting conditions of 5 g/100 mL  adsorbent dosage, agitation speed of
00 rpm and contact time of 60 min.
The ANOVA in Table 6 connotes the Model F-value of 152.36
or H2S adsorption resulted in a signiﬁcant model. There is only a
hance of 0.65% chance that “Model F-Value” this large could occur
ue to noise. The overall model is signiﬁcant by having a p-value of
0.001. Values of “Prob > F” less than 0.0500 indicate model terms
re signiﬁcant. The “Curvature F-value” of 427.68 implies there is
igniﬁcant curvature (as measured by difference between the aver-
ge of the center points and the average of the factorial points) in
he design space. There is only a 0.23% chance that a “Curvature
-value” this large could occur due to noise. Also, “Adeq Precision”
easures the signal to noise ratio. A ratio greater than 4 is desirable.
herefore, having a ratio of 44.042 indicates an adequate signal.
Fig. 7 shows the plot of predicted values against the actual values
nd the closeness of the points towards attaining linearity proves
hat the model and experimental values are relatively in agreement
ith each other. Factors A, B, C, and AB were the speciﬁcally sig-
iﬁcant model terms with R2 and adjusted R2 values of 0.9981 and
.9916, respectively. Values as high as this is an indication that the
odel was successful in correlating the response to the studied
able 5
NOVA and optimization process conditions for Mn residual.
Response: Mn ANOVA for selected factorial model 
Source Sum of
Squares
df Mean
Square
Model 9.54E-04 7 1.36E-04 
A-Dosage 8.20E-04 1 8.20E-04 
B-Agitation 1.20E-04 1 1.20E-04 
C-Time 3.13E-06 1 3.13E-06 
AB  1.13E-06 1 1.13E-06 
AC  1.25E-07 1 1.25E-07 
BC  6.13E-06 1 6.13E-06 
ABC  3.13E-06 1 3.13E-06 
Curvature 1.27E-04 1 1.27E-04 
Pure  error 0 2 0
Cor total 1.08E-03 1030 0.164 0.084
60 0.166 0.076
45 0.143 0.063
parameters. This model can be used to navigate the design space.
The model exhibited a standard deviation of 5.77E-004, and the
ﬁnal regression equation in terms of actual factors is given in Eq.
(2):
H2S Residual (mg/L) = 0.12 − 7.33E − 003A − 1.83E − 004B- 4.22E
−004C + 2.67E − 005AB
+4.44E − 005AC+ 1.11E − 006BC − 2.22E − 007ABC
(2)
As for H2S uptake, it could be observed that all the 3D plot
(Fig. 8) representing the interactions between the factors showed
curvatures which are indications of good interactions between the
factors. The 3D plots depicting the interactions of adsorbent dosage
and agitation speed, adsorbent dosage and contact time, and agi-
tation speed and contact time suggests that all the factors played
signiﬁcant roles in reducing the residual concentration of H2S in
BPOME. Increase in each of the factors’ values brought about a
decrease in the H2S residual.
Generally, it is crystal clear that all the predicted values obtained
were pretty close to the actual values which is indicating that
the models developed were efﬁcacious in spanning the correla-
tion between the factors and respective uptakes. The quality of the
developed models were evaluated based on the coefﬁcient of deter-
mination (R2) values and all the R2 values obtained were expectedly
high. Besides, it was also observed that R2 values are in reasonable
agreements with their respective adjusted R2 values for the con-
stituents’ removal studied. The model equations exhibited very low
standard deviations. The closer the R2 value to unity and the lower
the standard deviation, the better the model and this gives a buoy-
ancy of established closeness between the actual and predicted
values for the responses.
Furthermore, within the operation condition range tested in this
study based on previous reports from related ﬁndings as earlier
reported in this paper, it was observed that Mn  and H2S experienced
lowest possible residual concentrations at operating conditions of
5 g/100 mL  adsorbent dosage, 200 rpm agitation speed and 60 min
of contact time.
Analysis of variance table [Partial sum of squares - Type III]
F
Value
p-value
Prob > F
6.37E + 07 <0.0001 Signiﬁcant
6.37E + 07 <0.0001
6.37E + 07 <0.0001
6.37E + 07 <0.0001
6.37E + 07 <0.0001
6.37E + 07 <0.0001
6.37E + 07 <0.0001
6.37E + 07 <0.0001
6.37E + 07 < 0.0001 Signiﬁcant
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F ent d
a s of M
1
aig. 6. 3D surface plots showing the effects of (a) agitation speed (rpm) vs adsorb
gitation speed (rpm) vs contact time (min.) on the adsorption performance in termMoreover, the statistical analysis of the software thereby offered
8 numerical solutions for optimum conditions with the desir-
bility values ranging from 0.870–1.000 for the highest uptake forosage (g/100 mL), (b) adsorbent dosage (g/100 mL) vs contact time (min.), and (c)
n uptake.both H2S and Mn  from BPOME. The experimental validation was
carried out based on the selected optimum factors as numerically
determined from desirability of 0.990–1.000 (10 validation runs).
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ted to different isotherm models is an important step in ﬁnding
the suitable model that can be used for design purposes (Demiral
T
AFig. 7. Plot of Predicted vs A
he optimum (minimum) residual concentrations of Mn  and H2S
t 0.136 and 0.061 ppm, respectively was determined at optimum
perating conditions of adsorbent dosage of 5 g/100 mL,  agitation
peed of 200 rpm and contact time of 60 min.
More signiﬁcantly, these residual concentrations are allowed for
ndustrial in-house reuse for some industries according to USEPA
nd BSS regulatory standards. For instance, pulp and paper indus-
ry allowed a maximum level of 0.5 ppm Mn  for its chemical and
nbleached processes. The same level of concentration has been
ecommended in the process waters for cooling water as well as
ement industry. Low pressure boilers usually accommodates a
oncentration level of 0.3 ppm Mn  in its boiler-feed, while H2S con-
entration as high as 5 ppm could also be tolerated (Jami et al., 2013
SEPA, 1992). Furthermore, reclaimed water with 0.2 and 10 ppm
roﬁle of Mn  could be tolerated for long and short term use in irri-
ation purposes, respectively (USEPA, 2004). These are indications
hat wastewater with concentration levels of Mn  and H2S been
able 6
NOVA and optimization process conditions for H2S residual.
Response: H2S ANOVA for selected factorial model 
Source Sum of
Squares
df Mean
Square
Model 3.56E-04 7 5.08E-05 
A-Dosage 1.45E-04 1 1.45E-04 
B-Agitation 1.13E-04 1 1.13E-04 
C-Time 8.45E-05 1 8.45E-05 
AB  1.25E-05 1 1.25E-05 
AC  5.00E-07 1 5.00E-07 
BC  5.00E-07 1 5.00E-07 
ABC  5.00E-07 1 5.00E-07 
Curvature 1.43E-04 1 1.43E-04 
Pure  Error 6.67E-07 2 3.33E-07
Cor Total 4.99E-04 10 values for H2S Adsorption.
reduced to 0.136 and 0.061 ppm, respectively could certainly be
recycled in the industry.
3.5. Adsorption equilibrium isotherms
Adsorption isotherm describes how the molecules subjected to
adsorption are distributed between the liquid and solid phases
when the adsorption process reaches an equilibrium state. This
implies that sorption equilibria provide fundamental physico-
chemical data for applicability evaluation of sorption processes as
a unit operation. With this basis, the adsorption isotherms pro-
vide useful information for estimating performance in full-scale
stream. Furthermore, the analysis of the isotherm data being ﬁt-and Gündüzog˘lu, 2010). The two  most common isotherm models,
Langmuir and Freundlich models (Kamari and Ngah, 2009), were
Analysis of variance table [Partial sum of squares - Type III]
F
Value
p-value
Prob > F
152.36 0.0065 Signiﬁcant
433.5 0.0023
337.5 0.0029
253.5 0.0039
37.5 0.0256
1.5 0.3453
1.5 0.3453
1.5 0.3453
427.68 0.0023 Signiﬁcant
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(3)ig. 8. 3D surface plots showing the effects of (a) agitation speed (rpm) vs adsorb
gitation speed (rpm) vs contact time (min.) on the adsorption performance in term
pplied for ﬁtting the adsorption data in this study to describe in
escribing the interactive behaviours between the adsorbates and
dsorbent.
The basic assumption in the Langmuir theory is that adsorp-
ion takes place at speciﬁc homogenous sites within the adsorbentosage (g/100 mL), (b) adsorbent dosage (g/100 mL) vs contact time (min.), and (c)
2S uptake.
following the mathematical relation thus in Eq. (3) (Amosa et al.,
2014a; Demiral et al., 2008):e o o
where qe is the amount of Mn  or H2S adsorbed in mg/g, Ce is the
equilibrium concentration (ppm), b is the adsorption equilibrium
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Fig. 9. Langmuir isotherm model plots for (a) Mn  and (b) H2S.
onstant (L/mg) which is related to the energy of adsorption (Lee,
003), and Qo (mg/g) is the maximum adsorption capacity. A plot of
e/qe versus Ce gives the adsorption coefﬁcients. For this model, a
urther analysis can be made based on a dimensionless equilibrium
arameter (RL) (Dada et al., 2012; Demiral and Gündüzog˘lu, 2010;
l-Naas et al., 2010; Ho et al., 2002; Toth, 2002). If the average of
he RL values for each of the different initial concentrations used is
etween 0 and 1, the favourable adsorption is provided.
As observed from Fig. 9, the Langmuir plots for H2S and Mn  have
ood linearity with extremely high coefﬁcients of determination of
.9999 in each case, predicting homogeneity of the PAC.
Furthermore, the values of RL between 0 and 1, shown in Table 7,
re indications that the adsorption process was favourable for H2S
nd Mn.  Similar results have been reported in previous investiga-
ions (Amosa et al., 2014a; Ho, 2003; Ho et al., 2005; Kamari and
gah, 2009; Sˇtrkalj et al., 2013). Although, the uptake efﬁciency of
he PAC were 94% and 90% for Mn  and H2S, respectively despite
he highly expected sorption competitions between several other
on-targeted sorbates in quest for the vacant pore and surface sites
f the sorbent. Nonetheless, the speciﬁc adsorption capacities of
.0315 and 0.0083 mg/g exhibited by Mn  and H2S, respectively
ould be well attributed to their initial lower concentrations found
able 7
sotherm parameters for Mn  and H2S adsorption onto EFB-based PAC.
Langmuir isotherm
Parameter Qo (mg/g) b RL R2
H2S 0.0083 204.86 0.0082 0.9999
Mn  0.0315 133.44 0.0035 0.9999
Freundlich isotherm
Parameter n 1/n KF R2
H2S −10.12 −0.0988 0.0068 0.997
Mn  −16.1 −0.0621 0.029 0.9919nitoring & Management 4 (2015) 93–105 103
in the multicomponent wastewater stream. Similar observation
was reported by Suresh et al. (2011). In practice, adsorption capac-
ity measurements usually depends on the initial concentration of
a speciﬁc sorbate present in the stream because the initial concen-
tration provides the necessary driving force to overcome the mass
transfer resistances between the aqueous and solid phases. It is fac-
tual that as the initial concentration increases, interaction between
the sorbate molecules is enhanced in terms of the vacant sorption
sites, as well as the surface functional groups on the sorbent. This
is contrary to the opinion of Park et al. (2010) as the authors expect
the adsorption capacity to be always high without considering the
effect of initial concentration.
On the other hand, the Freundlich isotherm model was derived
by assuming the application to non-ideal sorption on a heteroge-
neous surface with a non-uniform distribution of heat of adsorption
over the surface (Ho et al., 2002). This model is not bound by a
maximum uptake, and it does not approach Henry’s law at low
concentrations (El-Naas et al., 2010). Freundlich isotherm model
is mathematically expressed in non-linear and linearized forms
as shown in Eqs. (4) and (5), respectively (Amosa et al., 2014a;
Freundlich, 1906; Hameed and Daud, 2008):
qe = KFCe1/n (4)
log qe = log KF +
1
n
logCe (5)
where KF and n are the Freundlich constants which represent
adsorption capacity and adsorption intensity, respectively. The Fre-
undlich constants were determined from the slope and intercept of
a plot of log qe versus log Ce.
When the Freundlich model was ﬁtted to the experimental data
(Fig. 10), the R2 values which are a measure of goodness-of-ﬁt, show
that just like the Langmuir model, the Freundlich model described
well the adsorption behaviour of both Mn  and H2S. However, the
negative slopes and intercepts observed in both cases (H2S and
Mn)  rendered the model less ﬁt when compared with Langmuir
isotherm despite high coefﬁcients of determination of 0.997 and
0.9919 for H2S and Mn,  respectively (Hameed and Daud, 2008).
Comparing the results of Langmuir and Freundlich isotherm mod-
els revealed that the experimental data were better ﬁtted by the
Langmuir model for H2S and Mn  removals because the R2 val-
ues of the Langmuir models were relatively higher than that of
the Freundlich model. Moreover, simultaneously having negative
slopes and intercepts indicated that the adsorption behaviour of
the tested system does not really follow the assumption on which
the model approach is based thus suggesting that adsorption of H2S
and Mn  onto PAC were much more difﬁcult when compared with
the Langmuir isotherm model as such situations usually push some
of the isotherm parameters towards negativity. The reason may be
as a result of the complex nature of the multicomponent system,
and consideration must be given to the competition between the
sorbates which, in many cases, result in lack of equilibration. Previ-
ous investigative reports have arrived at similar conclusions with
respect to the negative slopes and intercepts exhibited by isotherm
models (Hamdaoui and Naffrechoux, 2007; Kiurski et al., 2011;
Maarof et al., 2006; Shah et al., 2011; Vandenbruwane et al., 2007).
With the Langmuir model ﬁtting to the adsorption data, it could
be suggested that physicochemical interactions between the adsor-
bate and adsorbent enhanced the adsorption process because of
the corroborative fact that the saturation uptake for chemisorption
mechanistic pathway is limited to just one monolayer (C¸ ec¸ en and
Aktas¸ , 2012; Inglezakis and Poulopoulos, 2006), as hypothesized
by Langmuir. There exists two likely mechanisms contributing to
the observed chemisorption or irreversible adsorption. One is the
presence of speciﬁc functional groups on the active sites of the
PAC surface resulting in their high-energy covalent bonding with
104 M.K. Amosa / Environmental Nanotechnology, Mo
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gFig.10. Freundlich model plots for (a) Mn  and (b) H2S.
he adsorbate molecules. Oxidative polymerization of some organic
ompounds, such as phenolic compounds, onto PAC in the presence
f oxygen is another possibility (C¸ ec¸ en and Aktas¸ , 2012).
. Concluding remarks
EFB-based PAC was synthesized from pyrolysis/steam activation
nd characterization revealed that it possessed relatively improved
urface area and micro-porosity when compared to several PACs
roduced using such or other physical activation methods in pre-
ious studies. The microphotographs derived from SEM analysis
howed that proper microporous structures were developed using
he pyrolysis method. The FTIR study also revealed the presence
f functional groups which may  have contributed in enhancing the
dsorption efﬁcacy of the PAC.
The full factorial optimization process showed that Mn  and
2S could be efﬁciently abated with the optimized operating con-
itions of 5 g/100 mL  PAC dosage, 200 rpm agitation speed and
0 min  of contact time. Moreover, the Langmuir isotherm being
he model that better explains the adsorption mechanism, with
2 values of 0.9999 for both Mn  and H2S uptakes, suggests that
he adsorption efﬁcacy was mostly enhanced by a monolayer
hysicochemical interactions existing between the PAC and the
ontaminants despite the complex nature of the wastewater and
ossible competitive sorption of the sorbates.
The concentration levels of Mn  and H2S been reduced to 0.136
nd 0.061 ppm from 2.14 and 0.6 ppm, respectively could serve as
ecycled water in the industry without causing any harm to equip-
ent and personnel on site. These values fulﬁl the USEPA and BSS
uidelines for safe water requirements for industry reuse purposesnitoring & Management 4 (2015) 93–105
such as cooling water, low-pressure boiler feeds and process water
for cement, and pulp and paper industries. This methodology could
be employed as a strategy for reducing Mn  and H2S in wastewater
samples. However, the presence of other contaminant species in
the multicomponent efﬂuent can affect the ﬁnal function obtained,
especially if the afﬁnity of these species are greater than those of
interest. Overall, EFB-based PAC could be utilized as a standard
adsorbent which could sustainably replace the expensive adsor-
bents usually procured for environmental abatement processes.
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